Introduction {#S0001}
============

The emergence and rapid global expansion of bacterial multidrug-resistance (MDR) and extensive drug-resistance (XDR) means that only a few antibiotics are effective for clinical anti-infection therapy.[@CIT0001] Increased spread of Carbapenem-resistant *Klebsiella pneumoniae* (CRKP) has become a serious threat to global public health; in particular, there are limited anti-infective therapeutic options for young patients. Due to safety concerns, carbapenems are the antibiotics of choice for treating MDR, and their widespread use has led to the global dissemination of CRKP and serious clinical outcomes in pediatric patients.[@CIT0002]--[@CIT0004] The prevalence of CRKP infections is also increasing among neonates and children.[@CIT0005],[@CIT0006]

Ceftazidime/avibactam (CZA), a new combination of cephalosporin and avibactam, a β-lactamase inhibitor, approved by US Food and Drug Administration (FDA) in 2015 and the European Medicines Agency (EMA) in 2016, has shown high activity against *Escherichia coli, Pseudomonas aeruginosa* and *Klebsiella pneumoniae* (*K. pneumoniae*).[@CIT0007],[@CIT0008] CRKP is mainly mediated by the production of carbapenemases, such as *Klebsiella pneumoniae* carbapenemases (KPC) and New Dehli metallo-β-lactamase (NDM), extended spectrum β-lactamase (ESBL) and AmpC β-lactamases (AmpC).[@CIT0009] Avibactam is a novel β-lactamase inhibitor that can inhibit the activity of Ambler class A (KPC), class C, and some class D β-lactamases (OXA-48) when combined with ceftazidime.[@CIT0010] CZA has significantly higher rates of clinical success than other regimens in the treatment of CRKP.[@CIT0011] CZA is thus regarded as an effective drug for the treatment of CRKP infections. Although CZA has not been recommended for use in pediatric patients, studies have shown that it is well tolerated and efficacious in pediatric patients.[@CIT0012],[@CIT0013] Unfortunately, with the introduction of CZA therapy in clinic, CZA-resistant CRKP infections have emerged in adult patients.[@CIT0014]--[@CIT0016] Resistance to CZA in CRKP has been linked to mutations within the Ω-loop in *bla~KPC~*[@CIT0017],[@CIT0018] or *bla~CTX-M.~*[@CIT0016] However, there are limited data on the clinical presentations and molecular characteristics of CZA-resistant CRKP infections in neonates.

To the best of our knowledge, CZA-resistant CRKP has not previously been reported in neonate patients. In this study, we evaluated the in vitro activity of CZA against CRKP clinical isolates from neonates, and reported for the first time the clinical features and molecular characteristics of CZA-resistant CRKP isolates obtained from neonates in China.

Materials and Methods {#S0002}
=====================

Study Population and Bacterial Isolates {#S0002-S2001}
---------------------------------------

A laboratory-based surveillance of CRKP was conducted between July 2017 and June 2018 at Children's Hospital affiliated to Zhengzhou University, a 2200-bed tertiary-care teaching hospital located in Henan Province, China, with over 95,000 inpatients per year. The neonatal intensive care unit (NICU I), general neonatal wards (NICU II) and premature wards together comprise 200 beds. The strains were isolated from specimens of sputum, urine, blood, alveolar lavage and cerebrospinal fluid. All suspected isolates were confirmed as *K. pneumoniae* using a Bruker Biotyper MALDI-TOF MS (Bruker Daltonik GmbH, Bremen, Germany). Among these isolates, CRKP isolates were identified as resistant to Imipenem (IMP) or Meropenem (MEM) by broth microdilution method. *Escherichia coli* ATCC 25,922 was used as a quality control.[@CIT0019]

The study protocol complied with the Declaration of Helsinki and was approved by the Children's Hospital affiliated to Zhengzhou University Ethics Committee. Informed patient consent was not required as this study had no impact on the patients, and patient information was anonymized.

Clinical Data Collection {#S0002-S2002}
------------------------

Data on clinical and epidemiological characteristics of the neonatal patients from whom CRKP isolates were obtained from the electronic medical records. The information included demographics, birth information, invasive procedures, details about their hospital stay, infection or colonization by CRKP, and treatments procedures.

Antimicrobial Susceptibility Testing {#S0002-S2003}
------------------------------------

Antimicrobial susceptibility testing to CZA, ceftolozane/tazobactam (CZT), piperacillin-tazobactam (TZP), Cefoperazone/sulbactam (CSL), piperacillin (PIP), cefazolin (CZO), cefmetazole (CMZ), cefuroxime (CXM), ceftazidime (CAZ), ceftriaxone (CRO), cefepime (FEP), IMP, MEM, ertapenem (ETP), AMK, gentamicin (GEN), NIT, trimethoprim-sulfamethoxazole (SXT), aztreonam (ATM), LVX, CIP, doxycycline (DOX), POL and TGC were performed according to the Clinical and Laboratory Standards Institute protocol (CLSI protocol).[@CIT0019] Bacterial suspensions with a turbidity of 0.5 Mc Turbidities were prepared from colonies cultured for 20 hours on agar and were then diluted with MH broth (1:1000). Each well of a 96-well plate was then inoculated with 100μL inoculum, and then the plate was sealed and incubated for 24 hours at 35°C. The minimum inhibitory concentration (MIC) is the minimum concentration in the well at which there was no visible growth. TGC and POL MICs were interpreted according to EUCAST ECOFFs[@CIT0020] (ECAST) and all the other drug MICs were interpreted according to CLSI M100-S30 criteria.[@CIT0019] WHONET software (5.6) was used for the analysis of susceptibility data.

Identification of Resistance Genes and Multilocus Sequence Typing (MLST) {#S0002-S2004}
------------------------------------------------------------------------

Carbapenemase coding genes (*bla*~NDM,~ *bla*~KPC,~ *bla*~VIM,~ *bla*~IMP,~*bla*~OXA~), β-lactamases coding genes (*bla~CTX,~ bla~TEM,~ bla~SHV~*) and plasmid-borne AmpC β-lactamases (*bla~DHA~*) were detected by polymerase chain reaction (PCR) as previously described.[@CIT0014] PCR amplicons were sequenced and DNA sequences were compared with those available in the NCBI GenBank database ([<https://www.ncbi.nlm.nih.gov/genbank/>]{.ul}) using BLAST. Multilocus sequence typing (MLST) of CZA-resistant CRKP isolates was performed as described in the MLST Pasteur database ([<http://bigsdb.pasteur.fr/klebsiella/klebsiella.html>]{.ul}).

Data Analysis {#S0002-S2005}
-------------

All statistical analyses were performed with SPSS 24.0 software. Categorical data were evaluated using chi-square tests or Fisher's exact test and quantitative data was compared using the Student's *t*-test or the Manne-Whitney *U*-test. *P* values (two-tailed) of \<0.05 were regarded as statistically significant.

Results {#S0003}
=======

Clinical Characteristics of Neonates with CZA-Resistant CRKP Isolates {#S0003-S2001}
---------------------------------------------------------------------

A total of 300 *K. pneumoniae* isolates were isolated from 12,040 specimens obtained from 5348 neonate inpatients in the NICU of this hospital, 43 of which were identified as CRKP strains. Resistance to CZA was found in 23.3% (10/43) of these CRKP isolates. Clinical characteristics of neonates with CZA-resistant CRKP were summarized in [Table 1](#T0001){ref-type="table"}. Patients who were colonized or infected with CZA-resistant CRKP had a median age of 30 days (interquartile range, 12.75--30 days), and the male to female ratio was 1.5. The median gestational age of neonate patients with CZA-resistant CRKP was 32.30 weeks (interquartile range, 28.98--39.78 weeks). Most neonate patients were born by Caesarean delivery (n=9), classified as premature (n=6) and very low birth weight (n=5). The most common diseases in neonate patients with CZA-resistant CRKP were pneumonia (n=7) and septicemia (n=4). Eight neonate patients had hematological disease, six neonate patients had neurological diseases and four neonate patients had respiratory dysplasia. Most of the neonates accepted invasive treatment, including tracheal intubation (n=6) and intubation of the stomach (n=3). MEM (n=4) and CSL (n=5) combinations were the most frequently used antibiotics before the presence of CZA-resistant CRKP was laboratory confirmed.Table 1Clinical Characteristics of Neonatal Patients Infected or Colonized with CZA-Resistant and CZA-Sensitive CRKP IsolatesClinical CharacteristicsNo of Patients (%)*P* valueCZA-Resistant CRKP(n=10)CZA-Sensitive CRKP(n=33)Age (median, days)30(12.75--30.00)27(13.00--30.00)0.58Sex, male6(60.00)16(48.48)0.78Birth weight(g)209215140.09Very low birth weight5(50.00)17(51.52)1Gestational age (median, weeks)32.30(28.98--39.78)30.10(29.35--33.00)0.15Premature6(60.00)31(93.94)0.02Vaginal birth/C-section, C-section9(90.00)17(51.52)0.07Length from admission to CRKP (days)2.50(2.00--10.25)2.00(2.00--2.00)0.63Length of hospitalization (days)19.50(14.25--36.50)23.00(15.00--41.50)0.39Colonization1(10.00)5(15.15)1Infection9(90.00)28(84.85)**Source of isolates**Respiratory10(10.00)26(78.79)0.27Blood0(0.00)7(21.21)**Antibiotic exposure**Carbapenems4(40.00)21(63.64)0.33β-lactam/β-lactamase inhibitor combinations6(60.00)18(54.55)1β-lactam antibiotics3(30.00)19(57.58)0.24**Invasive procedures**Mechanical ventilation6(60.00)17(51.52)0.91Surgery2(20.00)1(3.03)0.12**Disease**Pneumonia7(70.00)30(90.91)0.12Septicemia4(40.00)18(54.55)0.66**Underlying conditions**Hematological disease8(80.00)22(66.67)0.68Neurological diseases6(60.00)16(48.48)0.78Cardiovascular disease3(30.00)5(15.15)0.55Respiratory dysplasia4(40.00)10(30.30)0.85Retinopathy of prematurity3(30.00)5(15.15)0.55Digestive diseases5(50.00)10(30.30)1

In vitro Susceptibilities of CRKP Isolates {#S0003-S2002}
------------------------------------------

23.3% (10/43) of CRKP strain were resistant to CZA, with MIC~50~ of 0.5 μg/mL and MIC~90~ of \>32 μg/mL, respectively ([Table 2](#T0002){ref-type="table"}). All CRKP isolates were resistant to more than three classes of antibiotic and showed high levels of resistance to β-lactams/β-lactamase inhibitor combinations (100%). Fortunately, rates of resistance to the other tested antimicrobial agents were not so high; AMK resistance: 74.4%, LVX and CIP resistance: 14%, and SXT resistance: 25.5%. All isolates were sensitive to TGC and POL.Table 2In vitro Activities of Ceftazidime-Avibactam and Comparator Antimicrobial Agents Tested Against 43 CRKP Isolates (μg/mL)AntibioticsMIC (μg/mL)Antimicrobial SusceptibilityMIC RangeMIC50MIC90R (%)S (%)CZA≤0.25/4-\>32/40.5\>3223.376.7CZT≤0.5/4-\>64/4\>16\>16100.00.0TZP≤4/4-\>256/4\>256/4\>256/4100.00.0CSL≤1/0.5-\>128/64\>128\>128100.00.0PIP≤2-\>256\>256\>256100.00.0CZO≤0.5-\>32\>32\>32100.00.0CMZ≤0.5-\>64\>64\>64100.00.0CXM≤1-\>64\>64\>64100.00.0CAZ≤0.25-\>32\>32\>32100.00.0CRO≤0.25-\>32\>32\>32100.00.0FEP≤16-\>32\>32\>32100.00.0IPM≤0.12-\>16\>16\>16100.00.0MEM≤0.12-\>16\>16\>16100.00.0ETP≤0.25-\>32\>32\>32100.00.0AMK≤1-\>128\>128\>12874.425.6GEN≤1-\>128\>128\>12897.70.0NIT≤2-\>128\>128\>12888.42.3SXT≤0.25/4.75-\>32/6080.25/4.7532/60825.574.4ATM≤1-\>128\>128\>12895.30.0LVX≤0.12-\>16\>16\>1686.014.0CIP≤0.06-\>8\>8\>886.014.0DOX≤1-\>1284.032.044.255.8POL≤0.25-\>160.51.00.0100.0TGC≤0.12-\>161.01.00.0100.0[^2]

Of note, the antibiotic resistance spectrum of CZA-resistant CRKP to non-β-lactams was different from that of CZA-sensitive CRKP. For example, the CZA-resistant CRKP group had lower resistance rates than CZA-sensitive CRKP group to AMK (30% VS 87.8%), LVX (40% VS 100%), CIP (70% vs 100%) and NIT (50% VS 100%) (*P*\<0.05). The MIC~50~ values against these drugs in the CZA-resistant CRKP group were lower than those in the CZA-sensitive CRKP group ([Table 3](#T0003){ref-type="table"}).Table 3Antimicrobial Activities of CZA-Resistant and CZA-Sensitive CRKP IsolatesAntibioticsMIC RangeCZA-Resistant CRKP(n=10)CZA-Sensitive CRKP(n=33)*P* value (CZA-Resistant R %/CZA-Sensitive R%)MIC50MIC90R (%)MIC50MIC90R (%)CZA≤0.25/4-\>32/4\>32/4\>32/41002/42/40--CZT≤0.5/4-\>64/4\>64/4\>64/4100\>64/4\>64/4100--TZP≤4/4-\>256/4\>256/4\>256/4100\>256/4\>256/4100--CSL≤1/0.5-\>128/64\>128/4\>128/4100\>128/4\>128/4100--PIP≤2-\>256\>256\>256100\>256\>256100--CZO≤0.5-\>32\>32\>32100\>32\>32100--CMZ≤0.5-\>64\>64\>64100\>64\>64100--CXM≤1-\>64\>64\>64100\>64\>64100--CAZ≤0.25-\>32\>32\>32100\>32\>32100--CRO≤0.25-\>32\>32\>32100\>32\>32100--FEP≤16-\>32\>32\>32100\>32\>32100--IPM≤0.12-\>16\>16\>16100\>16\>16100--MEM≤0.12-\>16\>16\>16100\>16\>16100--ETP≤0.25-\>32\>32\>32100\>32\>32100--AMK≤1-\>128≤1\>12830\>128\>12887.80.001GEN≤1-\>12864\>12890\>128\>1281000.233NIT≤2-\>12864\>12850\>128\>1281000SXT≤0.25/4.75-\>32/608\>32/608\>32/60870≤0.25/4.75\>32/60887.80.394ATM≤1-\>128\>128\>128100\>128\>128100--LVX≤0.12-\>161\>1640\>16\>161000CIP≤0.06-\>81\>870\>8\>81000.01DOX≤1-\>12832648041633.30.025POL≤0.25-\>160.5100.510--TGC≤0.12-\>160.510110--

Genotyping and MLST {#S0003-S2003}
-------------------

Of the 10 CZA-resistant CRKP isolates with carbapenemase genes, five harbored *bla~kpc-2~*, four harbored *bla~NDM-1~* and two harbored *bla~NDM-5~*. Of note, one isolate harbored *bla~NDM-5~* and *bla~kpc-2~*. Of interest, the CZA-resistant CRKP group had different carbapenemase genes to the CZA-sensitive CRKP group. For example, the CZA-sensitive CRKP group had a higher positive rate to *bla~kpc-2~* than CZA-resistant CRKP group (32/33 vs 5/10), but a lower positive rate to *bla~NDM~* (0/33 vs 6/10) (*P*\<0.05). Overall, all CZA-resistant CRKP isolates carried ESBL genes with nine isolates carrying SHV-11 and 10 isolates carrying CTX-M-14. Among the 10 CZA-resistant CRKP isolates, a total of 8 different STs were identified in this study ([Table 4](#T0004){ref-type="table"}). The KPC-2 positive isolates were assigned to types ST241, ST37 and ST11, while isolates carrying NDM-5 and KPC-2 were assigned to ST782. The NDM-1 positive isolates were assigned to types ST784, ST1710, ST37 and ST324, and NDM-5 positive isolates were assigned to ST1419.Table 4Genotypes and MLST of CZA-Resistant and CZA-Sensitive CRKP IsolatesResistance GenesIsolate*P* valueCZA-Resistant CRKP(n=10)CZA-Sensitive CSKP(n=33)**Carbapenemase**KPC-25320.001NDM-1400.007NDM-520**ESBL**SHV-1100.093SHV-1134SHV-12527CTX-M-14510.0002CTX-M-1517CTX-M-65214CTX-M-310CTX-M-2710**MLST**ST112290.080ST3720ST24110ST32410ST78210ST78410ST141910ST171010ST219402ST257401

Discussion {#S0004}
==========

Data from the Chinese Bacterial Resistance Surveillance Network (CHINET) showed that the prevalence of CRKP isolates in neonates increased from 2.2% in 2005 to 14.0% in 2017.[@CIT0022] This increasing tendency was associated with a higher mortality ranging from 20% to 64% among pediatric cases in China.[@CIT0017],[@CIT0023] CZA has been viewed as a valuable antibiotic against CRKP in American and European countries,[@CIT0018],[@CIT0024] and the administration of CZA appears to be well tolerated and efficacious in pediatric patients.[@CIT0012],[@CIT0013] In this study, the vitro activity of CZA against CRKP isolated from neonates was 77.7%. Two recent multicenter studies also showed that the vitro activity of CZA against CRKP in adults is high.[@CIT0025],[@CIT0026] Any decrease in susceptibility to CZA, a novel agent with minimal previous clinical use even in adults, is of concern. To the best of our knowledge, this is the first report of the vitro activity of CZA-resistant CRKP isolated from neonates, including premature neonates. Therefore, the novel findings of rather high resistance isolates to CZA in neonates need to pay extra more attention to summarize clinical characteristics of infected patients, to find any mechanism behind and track any potential transmission in NICU.

Furthermore, our study is first to report the clinical epidemiologic characteristics of infected or colonized CZA-resistant CRKP isolates from neonates including premature neonates. Very few studies have previously described the clinical features of CZA-resistant CRKP. Generally speaking, only the clinical features of individual infections in adults have been described.[@CIT0015],[@CIT0016] Most CZA-resistant CRKP strains in our study were isolated from respiratory tract specimens, and the most common disease was pneumonia. A large proportion of neonates in this study shared similar clinical features with Caesarean section deliveries, preterm births, low birth weights, and exposure to carbapenems/cephalosporin. Exposure to carbapenems/β-lactam antibiotics is considered as a risk factor associated with nosocomial infections with Carbapenem-Resistant *Enterobacteriaceae*.[@CIT0027]

In addition, the distinction of antimicrobial activities of CZA-resistant and CZA-sensitive CRKP isolates was compared. The rate of resistance to AMK, NIT, LVX and CIP in the CZA-resistant CRKP group was lower than that in the CZA-sensitive CRKP group. This may be due to the positive of *bla~kpc~* being lower in CZA-resistant than CZA-sensitive CRKP group. In a previously reported pediatric study, CRKP carrying *bla~kpc~* showed higher resistance rates to AMK, LVX and NIT, compared with CRKP carrying *bla~NDM~*.[@CIT0028] The above-mentioned antibiotics may thus be an option for treating infections caused by CZA-resistant CRKP carrying *bla~NDM~*.

The further genetic analysis of those CZA-resistant CRKP strains based on the definition of CZA-resistant CRKP provided valuable additional information. CZA has been shown in vitro to inactive Ambler class A and C (including KPC) and some class D β-lactamases. However, CZA does not inhibit metallo-β-lactamases (including NDM).[@CIT0029] The major mechanism of CRKP resistance to carbapenems is the production of carbapenemase. Although KPC is the predominant carbapenemase in adults,[@CIT0030] the prevalent carbapenemase is different in pediatric patients. IMP-4 was the prevalent carbapenemase in 2010--2012, while NDM-1 was the most common carbapenemase in 2013--2014.[@CIT0031] KPC-2 was found to be the predominant carbapenemase in another study.[@CIT0028] In this study, the most frequently detected carbapenemase was KPC-2 (n=5) followed by NDM-1 (n=4). Production of different carbapenemases in Carbapenem-resistant *Enterobacteriaceae* (CRE) in different regions has also been reported.[@CIT0032] Our data agree with the previous conclusion in archived studies, but extend it with new information on neonates. Our findings indicate that identification of the carbapenemase genotype is essential, prior to the clinical application of CZA therapy.

CZA resistance has previously been associated with mutations in *bla~KPC~* (D179Y)[@CIT0026] and *bla~CTX-M~* (P179S).[@CIT0016] In some studies, resistance emerged after CZA therapy.[@CIT0014],[@CIT0033] Here, however, CZA was only approved for clinical anti-infection therapy in China in May 2019, so the resistance that has emerged cannot be attributed to CZA drug use, as none of the neonates received CZA treatment. CZA does not inhibit NDM,[@CIT0029] which explains all six NDM-producing CZA-resistant CRKP isolates. While resistance to CZA did not emerge, CZA sensitivity was somewhat lower in a case series of neonates and children \<5 years of age patients with CRKP treated with CZA.[@CIT0013] Resistance emerged in 14% of adult patients with CRKP treated with CZA,[@CIT0011] and the predominant carbapenemase was KPC. As intestinal carriage of carbapenemase is an important source of transmission,[@CIT0034] patient-to-patient transmission may be a significant factor in other CZA-resistant CRKP isolates in this study. However, none of the reported mutations in *bla~KPC~* or *bla~CTX-M~* was detected in other KPC-producing *K. pneumoniae* in our study. Zhang, Humphries et al suggest this may be due to overexpression of the *bla~KPC~* gene.[@CIT0026],[@CIT0035] Nevertheless, this will require further study in the future to address any potential mechanisms of CZA-resistant CRKP-producing KPC.[@CIT0036]

The transmission route of neonatal infection was tracked by using genetic markers, MLST. ST11, ST37 and ST241 of CZA-resistant CRKP predominated in NICU of our hospital. Our MLST data indicated that CZA-resistance is not limited to *K. pneumoniae* ST258,[@CIT0018] ST307[@CIT0014] or ST101[@CIT0015] found in European and North America, but can also emerge rapidly in other clonal backgrounds, such as ST11,[@CIT0026] ST37 and ST241 found in this China-based study but already successfully disseminates worldwide. Although the dissemination mechanism is still unclear, our findings highlight the importance of long-term active resistance surveillance of CZA-resistant CRKP in neonate patients.

Conclusion {#S0005}
==========

We have reported the emergence of CZA-resistant CRKP strains among neonates prior to the approval of CZA for clinical use in China, and have described the clinical features and molecular characteristics of CZA-resistant CRKP strains were analyzed. Our findings emphasize the importance of clinical awareness, effective infection control measures and epidemiologic surveillance to prevent the onward transmission of CZA-resistant CRKP isolated from neonates.
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